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(57) A photonic crystal waveguide apparatus has a 
photonic crystal having a waveguide (44) which is ca- 
pable of transmitting light having a frequency within a 
bandgap of the photonic crystal, and a resonant stub 

(47) connected to the waveguide to control light in the 
waveguide. The resonant stub has a resonator region 

(48) and a connecting channel (50) which connects the 



resonator region to the waveguide. The resonant stub 
controls light transmission characteristics of the 
waveguide by creating a transmission zero in the trans- 
mission band of the waveguide. A tuner for tuning the 
resonant stub may also be provided to control the trans- 
mission zero to provide an active optical apparatus such 
as an on/off switch or a modulator. 
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D scription 

Background f the Invention 

1 . Field f the Invention 

[0001] The present invention relates generally to the 
field of photonic crystals; and, more particularly, to a 
photonic crystal waveguide apparatus having a reso- 
nant stub tuner. 

2. Description of Related Art 

[0002] Photonic crystals (PC) are periodic dielectric 
structures which can prohibit the propagation of light in 
certain frequency ranges. More particularly, photonic 
crystals have spatially periodic variations in refractive 
index; and with a sufficiently high refractive index con- 
trast, photonic bandgaps can be opened in the struc- 
ture's optical transmission characteristics. (The term 
"photonic bandgap" as used herein and as is commonly 
used in the art is a frequency range in which propagation 
of light through the photonic crystal is prevented. In ad- 
dition, the term "light" as used herein is intended to in- 
clude radiation throughout the electromagnetic spec- 
trum, and is not limited to visible light.) 
[0003] It is known that introducing defects in the peri- 
odic structure of the photonic crystal allows the exist- 
ence of localized electromagnetic states that are 
trapped at the defect site, and that have resonant fre- 
quencies within the bandgap of the surrounding photon- 
ic crystal material. By providing a region of such defects 
extending through the photonic crystal, a waveguiding 
structure is created which can be used in the control and 
guiding of light. 

[0004] A photonic crystal which has spatial periodicity 
in three dimensions can prevent the propagation of light 
having a frequency within the crystal's bandgap in all 
directions; however, the fabrication of such a structure 
is technically challenging. A more attractive alternative 
is to utilize a 2-dimensional photonic crystal slab that 
has a two-dimensional periodic lattice incorporated 
within it. In a structure of this sort, light propagating in 
the slab is confined in the direction perpendicular to a 
major surface of the slab via total internal reflection, and 
light propagating in the slab in directions other than per- 
pendicular to a major surface is controlled by the prop- 
erties of the photonic crystal slab. A two-dimensional 
photonic crystal slab has the advantage that it is com- 
patible with the planar technologies of standard semi- 
conductor processing; and, in addition, the planar struc- 
ture of the slab makes an optical signal in a waveguide 
created in the slab more easily accessible to interaction. 
This provides the additional advantage that the structure 
is susceptible to being used to create active devices. 
[0005] Both theoretical and experimental work have 
demonstrated the efficient guidance of light in a two-di- 
mensional photonic crystal slab waveguide device (see 



"Demonstration of Highly Efficient Waveguiding in a 
Photonic Crystal Slab at the 1 .5u.m Wavelength", S. Lin, 
E. Chow, S. Johnson and J. Joannopoulos, Opt. Lett. 
25, pp. 1297-1299, 2000). Furthermore, experimental 

5 work is also beginning to demonstrate the capability of 
fabricating such devices that are able to propagate light 
with a high degree of efficiency; and it is only a matter 
of time before the fabrication of excellent photonic crys- 
tal waveguide devices become routine. As a result, 

10 there has already been some investigation into potential 
applications for interacting with the guided optical 
modes of the waveguide device. Such applications 
which have previously been discussed include static 
(fixed wavelength) or tunable channel drop filters, and 

is tunable resonant microcavity defects (see U.S. Patent 
No. 6,058,127). 

[0006] An optical modulator and an optical switch 
which are based upon tunable resonant microcavrty de- 
fects have also been described in the literature. In these 

20 devices, a waveguide structure is described which has 
a one-dimensional periodic dielectric photonic crystal 
along the propagation axis. This photonic crystal struc- 
ture generates a frequency stop band in the transmis- 
sion characteristic of the waveguide. Additionally, a de- 

2S feet is introduced in the periodic structure causing a lo- 
calized resonant mode to occur within the frequency 
stop band of the waveguide. This resonant mode allows 
tunneling from one side of the defect to the other when 
the guided mode of the waveguide has a frequency 

30 which precisely matches that of the defect resonance. 
In this way, light can propagate down the waveguide, 
tunnel through the resonant defect and continue down 
the waveguide with a relatively high efficiency. 
[0007] It is further described how the dielectric con- 

35 stant of the resonant defect region of the device can be 
changed via current injection or optical non-linearities 
so as to make the resonant frequency tunable, and thus 
provide a narrow band optical modulator or a tunable 
narrow passband switch. 

40 

Summary of the Invention 

[0008] The present invention provides a photonic 
crystal waveguide apparatus for controlling the trans- 
45 mission of light in a waveguide of the apparatus. 

[0009] An exemplary photonic crystal waveguide ap- 
paratus according to the present invention may com- 
prise a photonic crystal, a waveguide in the photonic 
crystal which is capable of transmitting light having a 
so frequency within a bandgap of the photonic crystal; and 
a resonant stub connected to the waveguide to control 
light in the waveguide. 

[0010] According to a first embodiment of the inven- 
tion, the resonant stub comprises a resonator region 
55 and a connecting channel connecting the resonator re- 
gion and the waveguide; and the resonator region and 
the connecting channel cooperate to control transmis- 
sion characteristics of light in the waveguide. In partic- 
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ular, the resonator region and the connecting channel 
function to create a frequency range, commonly referred 
to as a "transmission zero", within the bandgap of the 
photonic crystal at which light that is otherwise capable 
of being transmitted by the waveguid is prevented from 
being transmitted. The frequency of the transmission 
zero is a function of the resonant frequency of the res- 
onator region, while the width of the transmission zero 
is a function of parameters of the connecting channel. 
Accordingly, by controlling parameters of the resonator 
region and of the connecting channel, the frequency of 
the transmission zero and its width can be controlled. 
[0011] In accordance with a second embodiment of 
the invention, the waveguide comprises a region of first 
defects in a periodic lattice of the photonic crystal which 
extends through the photonic crystal; and the connect- 
ing channel comprises one or more second defects in 
the periodic lattice which are connected to the 
wav guide and which extend angularly from a sidewall 
of the waveguide. The resonator region comprises a re- 
gion in the photonic crystal in which the periodic lattice 
has been modified in an appropriate manner to define 
a resonator chamber. 

[0012] According to a third embodiment of the inven- 
tion, the periodic lattice of the photonic crystal compris- 
es an array of posts, and the waveguide is created by 
omitting a single line of the posts. The connecting chan- 
nel is created by omitting two additional posts in the lat- 
tice to define a short channel which is connected to the 
waveguide and which extends perpendicularly from a 
sidewall of the waveguide. The resonator region com- 
prises a generally square region having a 3 x 3 sub-array 
of posts which are larger in diameterthan the other posts 
in the lattice. By controlling parameters of the resonator 
region, such as the number of posts in the region and 
the size of the posts; the resonant frequency of the res- 
onator region, and, hence, the spectral position of the 
transmission zero can be effectively controlled. By con- 
trolling one or more parameters of the connecting chan- 
nel, such as its length and width, and, in embodiments 
in which the connecting channel includes posts, the 
presence, absence and modification of posts in the con- 
necting channel; the spectral widths of the transmission 
zero can be controlled. 

[0013] According to a fourth embodiment of the 
present invention, the apparatus includes a tuner for 
tuning parameters of the resonant modes of the reso- 
nant stub. The tuner may comprise a dielectric constant 
tuner for tuning the dielectric constant of the material 
comprising the posts in the resonator region. The die- 
lectric constant tuner can be an electronic tuner for tun- 
ing the dielectric constant using, for example, the charge 
carrier effect or the electro-optic effect. Alternatively, the 
tuner can be an optical tuner for tuning the dielectric con- 
stant using, for example, the photorefractive effect. The 
tuner permits the waveguide transmission to be effec- 
tively tun d within a range extending from essentially 
zero transmission to substantially the full transmission 



value for th photonic crystal waveguide apparatus. 
This capability enables a wide variety of photonic crystal 
devices to be realized which can be utilized in essen- 
tially any application in which a tunable optical filter can 
5 be used including, but not limited to, on/off switches and 
optical modulators. 

[0014] A photonic crystal waveguide apparatus ac- 
cording to the present invention operates as a tunable 
notch filter, where the action of the resonator is as a 

10 purely reflective agent causing the propagation charac- 
teristic of the waveguide to have a transmission zero at 
specified, tunable frequencies. The apparatus of the 
present invention is, accordingly, fundamentally differ- 
ent from other tuned photonic crystal devices that are 

is known in the art. 

[0015] Yet further advantages and specific features of 
the present invention will become apparent hereinafter 
in conjunction with the following detailed description of 
presently preferred embodiments of the invention. 

20 

Brief Description of the Drawings 
[0016] 

25 Fig. 1 is a schematic, perspective view of a two-di- 
mensional photonic crystal slab as is known in the 
prior art; 

Fig. 2 is a schematic, cross-sectional view of a two- 
dimensional photonic crystal slab waveguide appa- 

30 ratus as is known in the prior art; 

Fig. 3 is a graph that illustrates power transmission 
characteristics of incident light as a function of fre- 
quency for the waveguide apparatus of Fig. 2; 
Fig. 4 is a schematic, cross-sectional view of a two- 

35 dimensional photonic crystal slab waveguide appa- 
ratus according to an embodiment of the present 
invention; 

Fig. 5 is a graph that illustrates power transmission 
characteristics of incident light as a function of fre- 
40 quency for the waveguide apparatus of Fig. 4; 

Fig. 6a is a field magnitude plot for the waveguide 
apparatus of Fig. 4 for a frequency away from the 
transmission zero; 

Fig. 6b is a field magnitude plot for the waveguide 
45 apparatus of Fig. 4 for a frequency at the transmis- 
sion zero; 

Fig. 7 is a graph that illustrates the normalized 
transmission characteristics of the apparatus of Fig. 
4 as a function of the dielectric constant of posts in 

50 the resonator region; 

Fig. 8a is a field magnitude plot of the waveguide 
apparatus of Fig. 4 for a frequency at the transmis- 
sion zero and for a dielectric constant of posts in the 
resonator region at a nominal value; 

55 Fig. 8b is a field magnitude plot for the waveguide 

apparatus of Fig. 4 for a frequency at the transmis- 
sion zero and for a dielectric constant of posts in the 
resonator region at a value 4% higherthan the nom- 
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inal valu ; and 

Figs. 9a and 9b schematically Illustrate two exem- 
plary geometries of explicit three-dimensional real- 
izations of a photonic crystal "dielectric slab of 
posts" which may be used in three-dimensional im- 
plementations of the present invention. 

Detailed Description of the Invention 

[0017] Fig. 1 illustrates a two-dimensional photonic 
crystal slab that is known in the prior art, and is provided 
to assist in explaining the present invention. The phot- 
onic crystal slab is generally designated by reference 
number 10, and comprises a slab body 12 having an 
array of posts 14 therein. As shown in Fig. 1 , the posts 
14 are oriented parallel to one another and extend 
through the slab body from top face 16 to bottom face 
1 8 thereof 

[0018] The two-dimensionaJ photonic crystal slab 10 
can take various forms. For example, the posts *4 can 
comprise rods formed of a first dielectric mater: and 
the slab body 1 2 can comprise a body formed ot a sec- 
ond dielectric material which differs in dielectric constant 
from that of the first dielectric material. Alternatively, the 
posts can comprise holes formed in a slab body of die- 
lectric material; or the posts can comprise rods of die- 
lectric material and the slab body can be air, or another 
gas, or a vacuum. In addition, the posts can be arranged 
to define a square array of posts; or they can be ar- 
ranged in a different manner, such as in a rectangular 
array or a triangular array. 

[0019] In a two-dimensional photonic crystal slab 
such as illustrated in Fig. 1 , light propagating in the slab 
is confined in the direction perpendicular to the slab fac- 
es 1 6 and 18 via total internal reflection. Light propagat- 
ing in the slab in directions other than perpendicular to 
the slab faces, however, is controlled by the spatially 
periodic structure of the slab. In particular, the spatially 
periodic structure causes a photonic bandgap to be 
opened in the transmission characteristics of the struc- 
ture within which the propagation of light through the 
slab is prevented. Specifically, light propagating in the 
two-dimensional photonic crystal slab of Fig. 1 in direc- 
tions other than perpendicular to a slab face and having 
a frequency within a bandgap of the slab will not prop- 
agate through the slab; while light having frequencies 
outside the bandgap is transmitted through the slab un- 
hindered. 

[0020] It is known in the prior art that the introduction 
of defects in the periodic lattice of a photonic crystal al- 
lows the existence of localized electromagnetic states 
which are trapped at the defect site, and which have res- 
onant frequencies within the bandgap of the surround- 
ing photonic crystal material. By arranging these defects 
in an appropriate manner; a waveguide can be created 
in the photonic crystal through which light having fre- 
quencies within the bandgap of the photonic crystal (and 
that thus would normally be prevented from propagating 



through the photonic crystal) is transmitted through the 
photonic crystal. 

[0021] Fig. 2 illustrates a two-dimensional photonic 
crystal slab waveguide apparatus 30 that is known in 

s the prior art. Apparatus 30 comprises a photonic crystal 
slab 32 comprised of a rectangular array of dielectric 
rods 34 in air. A region of defects in the photonic crystal 
slab creates a waveguide 36 through which light having 
a frequency within the bandgap of the surrounding pho- 
to tonic crystal material can propagate. In the photonic 
crystal slab of Fig. 2, the region of defects is provided 
by omitting one row of the rods 34. The region of defects 
can also be provided in other ways; for example, by al- 
tering the rods in one or more rows such as by removing 

15 portions of the rods or by changing the diameter of the 
rods. The region of defects can extend in a straight line, 
as shown in Fig. 2, to define a straight waveguide; or 
the region can be arranged to include a bend, for exam- 
pie, a 90 degree bend, to define a bent waveguide. 

20 [0022] In order to explain the transmission character- 
istics of the two-dimensional photonic crystal slab 
waveguide apparatus 30 of Fig. 2, an example of a sim- 
ulation that has been conducted using the apparatus will 
now be described. This simulation, as well as other sim- 

25 ulations to be described hereinafter, was conducted us- 
ing 2-dimensional Finite Difference Time-Domain 
(FDTD) techniques (see "Computational Electrodynam- 
ics, the Finite-Difference Time-Domain Method", A. Ta- 
flove, Artech House, 1995). 

30 [0023] In the simulation, the photonic crystal 
waveguide apparatus comprised a square array of die- 
lectric rods in air. The rods had a radius of 0.1 8a 0 , where 
ao, is the spacing between the rods. For the simulation, 
it was assumed that the dielectric constant of the rods 

35 relative to the air is equal to 11 .4. 

[0024] From previous calculations, it has been dem- 
onstrated that an infinite photonic crystal material will 
not propagate TM electromagnetic radiation within a cal- 
culable bandgap (see "Photonic Crystals ,, ) J. Joannop- 

40 oulos, R. Meade and J. Winn, Princeton University 
Press, 1 995). This bandgap extends from a reduced fre- 
quency of approximately 0.32 to a reduced frequency of 
approximately 0.45, where the reduced frequency is de- 
fined in units of (c/ao), where c is the velocity of light in 

45 a vacuum. A waveguide created in the photonic crystal 
material by omitting a row of rods, as shown in Fig. 2, 
transmits light with a frequency lying within the photonic 
bandgap. For light with a frequency outside of this band- 
gap, the photonic crystal would not confine the radiation, 

so rendering the waveguide highly lossy. 

[0025] Fig. 3 is a graph illustrating the results of a sim- 
ulation conducted using the waveguide apparatus of 
Fig. 2 having the parameters described above. Plotted 
is the power transmitted through the waveguide as a 

55 function of reduced frequency. As shown, the 
waveguide has a relatively flat transmission character- 
istic for frequencies lying within the photonic crystal 
bandgap (from about 0.32 to about 0.45). 
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[0026] The abov -described simulation and otherthe- 
oretical and experimental work that has been conducted 
demonstrate the capability of efficiently guiding light 
through a two-dimensional photonic crystal slab 
waveguide. 

[0027] Fig. 4 illustrates a two-dimensional stub-tuned 
photonic crystal waveguide apparatus according to an 
embodiment of the invention. The apparatus is generally 
designated by reference number 40, and comprises a 
two-dimensional photonic crystal slab 42 having a 
waveguide 44 extending therethrough and created by 
omitting a single line of rods 46 of the array as described 
above with reference to Fig. 2. In addition, the photonic 
crystal slab 42 includes a resonant stub 47 (shown in 
dashed line) which extends from a sidewall of the 
waveguide 44 to control light in the waveguide. The res- 
onant stub 47 includes a resonator region 48 and a con- 
necting channel 50. 

[0028] In the embodiment illustrated in Fig. 4, con- 
necting channel 50 comprises a short channel that ex- 
tends from a sidewall of the waveguide 44 in a direction 
perpendicular to the waveguide; and is created by omit- 
ting two posts 46 from the array of posts. The resonator 
region 48 comprises a generally square region having 
a 3 x 3 sub-array of posts 52 which are larger in diameter 
than the posts 46. As should be apparent from Fig. 4, 
the connecting channel 50 comprises a short waveguide 
section which connects the resonator region 48 and the 
waveguide 44. 

[0029] The operation of the photonic crystal stub- 
tuned waveguide apparatus of Fig. 4 can best be ex- 
plained by describing a simulation that was conducted. 
In this simulation, the radius of the posts 46 of the array 
is the same as in the simulation described with reference 
to Fig. 2, i.e., 0.1 8a Q , and the waveguide 44 was creat- 
ed, as before, by omitting a row of the posts. The con- 
necting channel 50 was created by omitting two of the 
posts 46 to define a short connecting channel 50 ex- 
tending perpendicular to the waveguide 44. The reso- 
nator region 48 was created by providing a 3 x 3 sub- 
array of posts 52, each of which had a radius of 0.25a o . 
[0030] Fig. 5 is a graph similar to that of Fig. 3 and 
illustrates the results of the simulation conducted using 
the apparatus of Fig. 4 having the parameters described 
above. Results of the simulation show that the 
waveguide transmission characteristics of the 
waveguide apparatus of Fig. 2 were modified by a sharp 
transmission zero illustrated by the dashed line in Fig. 
5. This transmission zero is a narrow range of frequen- 
cies within the bandgap of the photonic crystal material 
at which light that is otherwise capable of propagating 
through the waveguide 44 (as is shown in Fig. 3), is pre- 
vented from propagating through the waveguide. The 
frequency of the transmission zero corresponds to a res- 
onant frequency of the 3x3 resonator region 48, while 
properties of the connecting channel control the cou- 
pling between the resonator region and the waveguide 
44. The coupling controls the quality factor (Q-f actor) of 



the resonator region; and, thus, the bandwidth of the 
transmission zero. 

[0031 ] In order to further illustrate the physical mech- 
anism by which light is blocked by the stub at resonant 

5 frequencies, Figs. 6a and 6b are contour plots of the 
computed field magnitudes for a frequency away from 
the transmission zero (i.e., atv = 0.395) and at the cent- 
er of the transmission zero (i.e., at v = 0.384), respec- 
tively. Note that the stub has very little interaction with 

10 the propagating waveguide mode for frequencies away 
from the transmission zero, as shown in Fig. 6a. How- 
ever, for frequencies near the transmission zero, the 
resonator region of the stub contains a great deal of 
electromagnetic energy. This energy leaks back into the 

is waveguide with a magnitude and phase that cause a full 
reflection of the incident light, as shown in Fig. 6b. 
[0032] The photonic crystal stub-tuned waveguide 
apparatus 40 of Fig. 4 provides a great deal of design 
flexibility for controlling light in the waveguide 44. For 

20 example, by controlling parameters of the resonator re- 
gion, the resonant frequency of the resonator region can 
be controlled; and this, in turn, controls the frequency of 
the transmission zero. By controlling parameters of the 
connecting channel the coupling between the resonator 

25 region and the waveguide can be controlled. This, in 
turn, controls the quality factor of the resonant region 
and thus the bandwidth of the transmission zero. The 
resonator region parameters that can be controlled in- 
clude, for example, the number of posts comprising the 

30 region and the diameter of the posts, both of which will 
contribute to defining the resonance frequency. Con- 
necting channel parameters that can be controlled in- 
clude, for example, the length and width of the channel , 
the number of posts omitted from the channel, and the 

35 number of posts and the diameter of posts included in 
the channel (in embodiments in which posts are includ- 
ed in the connecting channel). 

[0033] According to a further embodiment of the in- 
vention, in addition to controlling design parameters of 

40 the resonant stub of the wavegu ide apparatus to control 
transmission characteristics of the waveguide; a tuner 
is additionally provided to control properties of the trans- 
mission zero by tuning parameters of the resonant 
modes of the stub. Preferably, the tuner, which is sche- 

45 matically illustrated in Fig. 4 by reference number 49, 
comprises a dielectric constant tuner for tuning the die- 
lectric constant of the material comprising the posts in 
the resonator region. Such dielectric constant tuners are 
well-known to those skilled in the art, and thus need not 

so be described in any detail herein, and can be either elec- 
tronic or optical. For example, an electronic dielectric 
constant tuner may utilize the charge carrier effect or 
the electro -optic effect. An optical dielectric constant 
tuner may utilize the photorefractive effect. Although all 

55 of these effects are relatively small in the optical fre- 
quency regime, they appear large enough to effect ap- 
propriate tuning of the apparatus of the present inven- 
tion. 
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[0034] Fig. 7 is a plot illustrating the waveguide trans- 
mission for incident light at a fixed frequency corre- 
sponding to the frequency of the transmission zero of 
the "untuned" stub waveguide apparatus of Fig. 4, com- 
puted as a function of the effective dielectric constant of 
the posts in the resonator region. Note that when the 
posts of the resonator region have the nominal dielectric 
value of 1 1 .4, the waveguide transmission is effectively 
zero. As the dielectric constant of the resonator region 
posts is tuned by only a few percent, the waveguide 
transmission approaches the fu li value calculated for the 
photonic crystal waveguide without a tuner as is shown 
in Fig. 3. Figs. 8a and 8b are contour plots of the corn- 
put d field magnitudes for the nominal-zero transmis- 
sion case and for the case where the dielectric constant 
of the resonator region has been increased by 4%, re- 
spectively. The illustrated behavior clearly corresponds 
to the operation of an on/off optical switch as the dielec- 
tric constant is switched from one to another value 
through the full range plotted. The described behavior 
also clearly corresponds to the operation of an optical 
modulator as the dielectric constant is tuned through in- 
termediate values. 

[0035] The simulated performance described above 
is intended to be exemplary only, as operational char- 
acteristics of the apparatus of the present invention can 
be modified in many ways. For example, by reducing 
the coupling between the waveguide and the resonator 
region through modification of the connecting channel; 
the width of the zero notch shown in Fig. 5 can be re- 
duced, leading to enhanced sensitivity to the dielectric 
constant tuning of the resonator region posts. This will 
permit switching to be achieved with much smaller 
changes in the dielectric constant, but with a reduced 
frequency tuning range. All of the methods described 
herein for modifying specific operational characteristics 
of the photonic crystal waveguide apparatus of the in- 
vention, as well as other methods, will be readily appar- 
ent to those skilled in the art; and it is not intended to 
limit the invention in this regard. 
[0036] It should also be recognized that the simula- 
tions described above were done in two dimensions, ig- 
noring the effects of the dimension parallel to the con- 
stituent dielectric posts. It is known in the art that the 
generalization of structures of this sort to three dimen- 
sions results in some quantitative differences in the 
computed results; however, the qualitative operative 
physical characteristics are maintained. 
[0037] The photonic crystal lattice structure incorpo- 
rated in the previously described two-dimensional struc- 
tures can take a number of three-dimensional realiza- 
tions. Two exemplary three-dimensional geometries are 
shown in Figs. 9a and 9b, making explicit the finite 
length of the dielectric posts. In the structure 60 illustrat- 
ed in Fig. 9a, post units comprising photonic crystal post 
portions 62 are sandwiched between upper and lower 
cladding layer post portions 64 and 66, with each post 
unit being supported on a substrate 68. The structure 



70 shown in Fig. 9b, lacks the upper cladding post por- 
tions 64. 

[0038] As described previously, in the apparatus of 
Rg. 4, optical confinement in the dimension parallel to 

5 the posts is effected by the larger dielectric constant of 
the photonic crystal region, leading to total internal re- 
flection of the light in this dimension. It should also be 
noted that another realization could be to have the posts 
of the photonic crystal "sandwiched" between two re- 

10 flective surfaces . either dielectric or metallic, to provide 
the confinement necessary in the dimension parallel to 
the posts. 

[0039] It should also be understood that although the 
photonic crystal waveguide apparatus described above 
is generally comprise arrays of dielectric rods in air; the 
photonic crystals can also be composed of an array of 
gas or vacuum "filled" holes in a dielectric substrate, or 
an array of dielectric rods embedded in a body of a di- 
electric material having a different dielectric constant 
20 than that of the material of the rods. In addition, although 
the above embodiments generally describe two-dimen- 
sional apparatus; the invention can also be applied to 
fully three-dimensional photonic crystal apparatus with 
the same sort of operational characteristics. 
25 [0040] In general, the photonic crystal waveguide ap- 
paratus of the present invention operates as a tunable 
notch fitter, where the action of the resonator is as a 
purely reflective agent causing the propagation charac- 
teristic of the waveguide to have a transmission zero at 
30 a specified, tunable frequency. The apparatus can be 
employed as an on/off optical switch and as an optical 
modulator, as described above; and, in general, can be 
used in any application where a tunable optical filter 
would be useful, with one example being as a channel 
35 drop filter. The tuning agent can be either electronically 
or optically activated. 

[0041] While what has been described constitutes 
presently preferred embodiments of the invention, it 
should be recognized that the invention can take many 
40 other forms. For example, although the embodiments 
described herein include a single resonant stub extend- 
ing from the waveguide, in other embodiments, two or 
more resonant stubs may be provided. By providing two 
or more resonant stubs having resonator regions and/ 
45 or connecting channels with different parameters, and 
sufficiently spaced from one another so as to not inter- 
fere, two or more transmission zeros can be created in 
the bandgap of the photonic crystal. 
[0042] Because the invention can take numerous 
so forms, it should be understood that the invention should 
be limited only insofar as is required by the scope of the 
following claims. 



55 Claims 

1. A photonic crystal waveguide apparatus (40, 60, 
70), comprising: 



25 



30 



35 



40 



45 
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a photonic crystal (42); 

a waveguide (44) in said photonic crystal (42) 
which is capable of transmitting light having a 
frequency within a bandgap of said photonic 
crystal (42), and 

a resonant stub (47) connected to said 
waveguide (44) to control light in the waveguide 
(44). 

2. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 1, wherein said resonant 
stub (47) comprises a resonator region (48) and a 
connecting channel (50) connecting said resonator 
region (48) and said waveguide (44). 

3. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 2, wherein connecting chan- 
nel extends perpendicular from a sidewall of said 
waveguide. 

4. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 2 or 3, wherein said photonic 
crystal (42) includes a periodic lattice (46), and 
wherein said waveguide (44) comprises a region of 
first defects in said periodic lattice (46), and wherein 
said connecting channel (50) comprises at least 
one second defect in said periodic lattice (46). 



70) according to Claim 7, and further including a 
tuner (49) for controlling properties of said transmis- 
sion zero, 

5 9. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 8, wherein said tuner (49) 
comprises a dielectric constant tuner (49) for tuning 
a dielectric constant of a material comprising said 
posts (52) in said resonator region (48). 

10 

10. The photonic crystal waveguide apparatus accord- 
ing to Claim 9, wherein, said dielectric constant tun- 
er (49) comprises a dielectric constant tuner (49) 
selected from the group consisting of an electronic 

15 dielectric constant tuner and an optical dielectric 
constant tuner. 

11. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 8, wherein said apparatus 

20 (40, 60, 70) comprises an apparatus (40, 60, 70) 
selected from the group consisting of an on/off 
switch and a modulator. 

1 2. , The photonic crystal waveguide apparatus accord- 
25 ing to one of the preceding claims, wherein said 

photonic crystal comprises a two-dimensional pho- 
tonic crystal slab. 



5. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 4, wherein said resonator 
region (48) comprises a modified portion of said pe- 
riodic lattice (46). 

6. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 5, wherein said periodic lat- 
tice (46) comprises an array of posts (46), and 
wherein said resonator region (48) comprises a 
sub-array of said array of posts (46), said sub-array 
comprising posts (52) having a diameter which is 
different from other posts (46) in said array. 

7. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 6, wherein design parame- 
ters of said resonator region (48) control a frequen- 
cy of a transmission zero in said bandgap at which 
transmission of light is prevented, and wherein de- 
sign parameters of said connecting channel (50) 
control a width of said transmission zero, said de- 
sign parameters of said resonator region (48) in- 
cluding at least one of the number of said posts (52) 
in said resonator region (48) and their diameter, and 
said design parameters of said connecting channel 
(50) including at least one of length and width of said 
connecting channel (50) and presence, omission or 
modification of posts in said connecting channel 
(50). 

8. The photonic crystal waveguide apparatus (40, 60, 



13. A photonic crystal waveguide (40, 60, 70) appara- 
30 tus comprising 

a photonic crystal (42), said photonic crystal 
comprising a periodic lattice; 

a waveguide (44) in said photonic crystal (42), 
said waveguide (44) comprising a region of first de- 
35 fects in said periodic lattice (46) and being capable 
of transmitting light having a frequency within a 
bandgap of the photonic crystal (42); and 

a resonant stub (47) extending from a sidewall 
of said waveguide (44) to control light transmission 
40 characteristics of said waveguide (44) by creating 
a transmission zero in said bandgap at which light 
of a frequency that is otherwise capable of being 
transmitted by said waveguide is prevented from 
being transmitted by said waveguide. 

45 

14. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 13, wherein said resonant 
stub (47) comprises a resonator region 48) and a 
connecting channel (50) connecting said resonator 

50 region (48) to said waveguide (44), and wherein pa- 
rameters of said resonator region (48) control the 
frequency of said transmission zero and parame- 
ters of said connecting channel control the width of 
said transmission zero. 

55 

15. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 14, and further including a 
tuner for controlling properties of said at least one 
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transmission z ro. 

16. The photonic crystal waveguide apparatus (40, 60, 
70) according to Claim 15, wherein said resonator 
region (48) comprises an array of structures (52) of 5 
dielectric material, and wherein said tuner compris- 
es a dielectric constant tuner fortuning a dielectric 
constant of said dielectric material. 

17. The photonic crystal waveguide apparatus accord- to 
ing to Claim 15 or 16, wherein said apparatus com- 
prises an apparatus selected from the group con- 
sisting of an on/off switch and a modulator. 

18. A method fortuning a transmission zero in 15 

a photonic crystal waveguide apparatus (40, 
60, 70) which includes a photonic crystal (42), a 
waveguide (44) in said photonic crystal (42) which 
is capable of transmitting light having a frequency 
within a bandgap of said photonic crystal (42), and 20 
a resonant stub (47) connected to said waveguide 
(44) for controlling transmission characteristics of 
light in said waveguide (44) by creating said trans- 
mission zero in said bandgap at which light having 
a wavelength that is otherwise capable of being 2s 
transmitted by said waveguide (44) is prevented 
from being transmitted by said waveguide (44), said 
resonant stub (47) including a resonator region (48) 
including structures (52) of dielectric material, said 
method for tuning said transmission zero compris- 30 
ing tuning a dielectric constant of said dielectric ma- 
terial of said structures (52) to tune said transmis- 
sion zero. 

19. The method according to Claim 18, wherein said 3s 
step of tuning said dielectric constant comprises 
tuning said transmission zero between a condition 

in which transmission of light by said waveguide 
(44) is permitted and a condition in which transmis- 
sion of light by said waveguide (44) is prevented so *o 
as to provide an optical on/off switch. 

20. The method according to Claim 18 or 19, wherein 
said step of tuning said dielectric constant compris- 
es tuning said transmission zero within a range of 
said bandgap so as to provide an optical modulator. 
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(PRIOR ART) 
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